ABSTRACT: Trace elements in larval hard parts may serve as useful tags of natal origin in invertebrate population studies. Using field-collected encapsulated veliger larvae of the marine gastropod Kelletia kelletii, this study examined the extent of spatial and temporal variation in the elemental composition of larval parts formed at the natal source. For both protoconchs and statoliths, results of multivariate analyses of variance (MANOVA) indicated that the elemental compositions show significant among-site and among-region differences. Linear discriminant-function analysis (DFA) correctly classified 89% of protoconchs and 80% of statoliths to their region of formation. However, there were significant interannual differences in elemental composition for statoliths at 2 sites and for protoconchs at 3 sites over a 3 yr period. Despite within-site interannual differences, the elemental compositions of hard parts formed during different years resembled one another to such a degree that a DFA generated with a single year's data could correctly predict the region of formation for 83.9% of statoliths and 82.5% of protoconchs formed in other years. A comparison of magnesium (Mg), strontium (Sr) and barium (Ba) incorporation patterns with per-site temperature profiles indicated statistically significant positive relationships between temperature and Mg and Sr incorporation into protoconchs, and inverse relationships between temperature and Sr (statoliths) and Ba (both protoconchs and statoliths) incorporation. These data, together with results from other studies, suggest that larval statoliths and protoconchs can meaningfully record variation in the physical and chemical properties of seawater and, hence, have potential as natural tags of natal origin.
INTRODUCTION
Most marine species produce planktonic larvae that can be advected away from their natal source by oceanic currents. Predicting their dispersal trajectory and destination remains one of the foremost challenges for marine biologists. Reconstructing the trajectory of even passively drifting larvae would be a daunting task. The challenge is magnified even further, since planktonic larvae can exhibit complex swimming behaviors that substantially alter their transport routes (Young 1995 , Stobutzki & Bellwood 1997 . In addition, the length of time spent in the planktonic phase is unknown for most species, even for many commercially important fishery species. Collectively, these factors contribute to make predictions about the sources of larvae settling into adult habitat difficult. Yet, identification of the natal source of incoming recruits has tremendous consequences for understanding population connectivity (Crowder et al. 2000) , population dynamics and community structure (Caley et al. 1996) , and for the design of effective marine protected areas (Warner et al. 2000 , Gaines et al. 2003 .
We cannot identify natal sources without tracking microscopic larvae through their planktonic phase from their source to their recruitment site. Attempts at artificially tagging and tracking larvae using radioactive isotopes, trace elements and chemical stains (e.g. Anastasia et al. 1998 ) have rarely been successful (e.g. Jones et al. 1999) . Advection and diffusion in the water column, coupled with extremely high larval mortality rates during dispersal, make it exceedingly unlikely that tagged larvae will ever be recaptured (Levin 1990 , Anastasia et al. 1998 . Because of the inherent challenges associated with tag-recapture programs, recent interest has focused on the development of new tools that take advantage of natural environmentally-induced tags in the calcified otoliths (ear stones) of teleost fishes. Fish scientists have examined trace elements present in the otolith to reconstruct migration and dispersal patterns and to identify spawning grounds and juvenile nursery habitats (Gillanders & Kingsford 1996 , Campana 1999 , Swearer et al. 1999 , Thorrold et al. 2001 . The tremendous benefit associated with natural tags such as otoliths is that every larva is effectively tagged, thereby eliminating the problems arising from broad dispersion of tagged larvae (Thorrold et al. 2002) .
As with fishes, there is a pressing need to understand processes affecting the recruitment patterns of invertebrate larvae. Importantly, analogous environmentally induced tags exist in mineralized invertebrate hard parts including statoliths, protoconchs, carapaces and larval skeletons. All of these mineralized structures could potentially record environmental history and, hence, act as natural tags of natal origin, yet few studies have done the necessary exploratory work to determine their true utility (but see Dibacco & Levin 2000 and Zacherl et al. 2003b,c) .
Using the trace elemental composition of invertebrate mineralized parts as proxies for natal source relies on the assumption that spatial variation in the physical and chemical properties of seawater will somehow be reflected in the elemental composition of the invertebrate hard part, as has been demonstrated with fish otoliths (Radtke & Shafer 1992 , Secor et al. 1995 , Bath et al. 2000 . Zacherl et al. (2003c) generated the first such evidence for larval protoconchs and statoliths (both composed of aragonite) of a marine gastropod whelk. In a culture study examining uptake of Ba by Kelletia kelletii larval hard parts, both statoliths and protoconchs incorporated more Ba as the seawater Ba concentration increased. Furthermore, there was an inverse temperature effect, with greater Ba incorporation at colder temperatures. Additional culture studies with K. kelletii and other molluscan larvae (e.g. the estuarine opisthobranch Alderia modesta) have generated similar results for Sr (Zacherl et al. 2003c) and Mg (D. C. Zacherl unpubl.) . The combined results suggest that these calcified structures, like foraminifera tests ) and otoliths (Bath et al. 2000) , can reliably record information about the physical and chemical characteristics of seawater.
Using the chemistry of larval statoliths and protoconchs as a tag of natal source also relies upon the existence of spatially unique and temporally stable chemical signatures in the calcified structure of interest. Most studies using natural tags (including otoliths and crab larvae) have focused on species that migrate between river (or estuarine) and coastal habitats, where substantial gradients in salinity, temperature and trace element inputs occur, leading to large variations in tag composition. The search for variation in natural tags at open-coast sites may be complicated by the fact that gradients in oceanographic conditions are more subtle, except at locations of convergence between distinct ocean currents (e.g. Point Conception in central California, USA: Dever et al. 1998 ) which can be characterized by sharp gradients in water chemistry and temperature. Thus, the degree to which one can use natural tags to resolve dispersal trajectories in open-coast systems is limited by the extent of spatial variation that is reflected in the chemistry of the natural tags.
Even if there is sufficient spatial variation in water chemistry, the utility of using trace metal chemistry to track larval movement depends upon the temporal consistency of the patterns. Both intra-annual variability (Thorrold et al. 1998 , Gillanders 2002 ) and interannual variability (Patterson et al. 1999) in otolith composition may potentially confound spatial variation. Successful application of any natural tag in open coastal waters to identify source population information therefore requires a complete characterization of the spatial and temporal variability in the elemental composition of the otolith.
This study examines whether invertebrate larval hard parts exhibit enough spatial variation in their composition to act as natural tags of natal origin in the open-coast predatory gastropod Kelletia kelletii. Using inductively coupled, plasma mass spectrometry (ICP-MS), I evaluate the use of statoliths and protoconchs as natal tags of origin by examining the extent of spatial and temporal variation in the chemistry of encapsulated larval K. kelletii protoconchs and statoliths. Specifically, this study examines differences in elemental composition of protoconchs and statoliths formed in 3 regions of K. kelletii 's range, including coastal sites south and north of Point Conception and a site in the Channel Islands, California, USA (see Fig. 1 & Table 1 ). It further examines the extent of variation in site tags both over space (i.e. among sites within regions) and time (i.e. among years) to evaluate the likely constraints on the use of microchemistry as a marker of larval origin. Last, this study examines the relationship between temperature and element incorporation into calcified larval hard parts for Mg, Sr and Ba.
MATERIALS AND METHODS
Background and study area. Kelletia kelletii is a common predatory buccinid gastropod occupying rocky subtidal habitats from Baja California, Mexico to central California, USA, where it is a developing fishery resource. It typically occurs on rocky reefs and cobble-sand interfaces in kelp forests, with a vertical distribution from 2 to 70 m in depth (Rosenthal 1970) , but is also found in the intertidal zone. This whelk is a generalist predator that feeds on a variety of mobile and sessile invertebrates. The range of K. kelletii spans regions of coastal water with distinctly different temperatures ( Fig. 1) , circulation patterns (e.g. upwelling regimes) and riverine inputs.
Like many gastropod molluscs, Kelletia kelletii 's life history includes females laying benthic egg capsules, with larvae developing into veligers before their release into the plankton. Adults reproduce annually, with egglaying restricted to late spring and summer (late May through August: Rosenthal 1970) . The females lay masses of approximately 20 to 80 egg capsules (referred to hereafter as 'broods') on benthic hard substrate, where the embryos develop into encapsulated veliger larvae in approximately 30 to 34 d. Each egg capsule contains between 400 and 2000 larvae. The hatched veligers are planktonic; the length of this life stage is unknown (Rosenthal 1970 , Morris et al. 1980 . Little is known about the planktonic life of the larvae, although limited culture studies have indicated that the larvae will feed and accrete shell material during their planktonic life (D. C. Zacherl unpubl. data).
SCUBA divers collected egg capsules of Kelletia kelletii from the rocky subtidal habitat at the sites and years indicated in Table 1 & Fig. 1 . Initially, during 1999 and 2000, eggs were collected were at just 2 sites (Ellwood and Monterey) (Diablo Canyon was added in 2000), in order to complete pilot studies on the chemistry of calcified parts of the larvae. These egg-mass samples were archived at -80°C and the decision was made to substantially increase the number of sites per region. During 2001, a more intensive collecting effort ensued. The result was a collection of samples from 2001 which were used for a spatial survey, and archived samples from 1999 and 2000 which were used for a preliminary study on the temporal stability of the chemistry of the calcified structures at selected sites.
Divers collected only 'mature' egg masses in which encapsulated veliger larvae were ready to hatch or were within a few days of hatching. Veliger larvae that are ready to hatch are distinguishable from earlier stages within egg capsules based upon a blackish larval color visible through semi-translucent capsules (D. C. Zacherl unpubl. obs.). Collections were made during June and July, the months of peak capsule abundance in the field. Divers attempted to collect a minimum of 25 broods per site and at least 10 capsules per brood. Broods could be distinguished easily from each other in the field, because egg capsules produced by the same female are linked at the peduncle. Cap- 
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sules from individual broods were frozen separately in labeled plastic bags until processing. Egg-mass collection success varied from site to site (generally as a function of adult whelk abundance). Despite intensive search efforts, divers found no evidence of egg-laying activity at 3 of 4 potential Channel Island sites ( Fig. 1) The sites were from 3 regions that could predictably be expected to have differing inputs of trace metals. Variation in upwelling intensity, rainwater runoff, point-source pollution and atmospheric deposition of trace metals should lead to differences in seawater trace metal concentrations. Variation in seawater trace metal concentrations, as well as differences in salinity and temperature, can influence trace metal incorporation into calcified larval structures (Radtke & Shafer 1992 , Secor et al. 1995 , Bath et al. 2000 . During the summer months, when Kelletia kelletii larvae are developing, sites at Point Conception and northward are influenced mainly by the cold and relatively lowsalinity seawater of the California current. They are in a region marked by frequent upwelling events (Fig. 1) . Conversely, coastal waters south of Point Conception are warmer and more saline, with a semi-persistent eddy that flows within the Santa Barbara Channel (Harms & Winant 1998) . Municipal, agricultural and industrial developments all contribute to the content of runoff at all coastal sites. Oceanographic conditions around the Channel Islands are more difficult to characterize. The California current jet meanders back and forth as it progresses south from Point Conception. As a result, its influence on the Channel Islands varies substantially over time (Hayward et al. 1995) . In addition, the Channel Islands have no municipal or industrial inputs since they are owned and managed either by the Channel Islands National Park or the Nature Conservancy.
Sites were selected haphazardly, but with prior knowledge of the presence of existing adult whelk populations in the area. Coho, effectively located at Point Conception (1.5 km SE), was difficult to categorize into a region because it lies at the boundary between the northern and southern coastal regions, and is alternately influenced by the southward-flowing California Current and the warm eddy described above. Since the assumption is that spatial variation in the physical and chemical properties of seawater will somehow be reflected in the elemental composition of the analyzed hard parts, subtidal temperature profiles were used to determine whether Coho was primarily influenced by currents originating from the north or south during the time period when larval hard parts were forming.
Surface and subtidal temperature monitoring. To characterize the sites by temperature, both sea-surface and subtidal temperature data were examined. Seasurface temperature data (SST) from all collection sites were obtained as monthly composite SST satellite data from the NOAA Coastwatch for June 2001 (Fig. 1) . (Table 1) . Protoconch and statolith analyses. All the following isolation steps were performed in a clean laboratory equipped with Class 100 laminar-flow hoods. All glassware used in the isolation steps was first cleaned with Citranox™ soap, rinsed 5 times with distilled H 2 O (resistivity > 2 MΩ cm), soaked overnight in 1 N tracemetal grade HCl, and then rinsed 5 times with ultrapure H 2 O (resistivity >18.1 MΩ cm).
To isolate protoconch from encapsulated veligers, I thawed a haphazardly selected capsule from each brood per site (10 to 31 broods per site, see Table 1 ), removed the veligers from the capsules, and dissolved all visible organic tissue away from the shells in an acid-rinsed glass beaker using an equal volume mixture of 30% H 2 O 2 buffered in 0.1 N NaOH (referred to hereafter as 'peroxide cleaning solution'). Protoconch and statolith material were separated using a 50 µm mesh filter. Protoconchs were then rinsed 5 times with ultrapure H 2 O. To ensure sufficient shell material for trace element analysis, protoconchs from individual larval snails within a capsule were pooled into groups of 50 and then dry-stored in ultrapure H 2 O-rinsed polyethylene vials. To remove any remaining organics from the protoconch, each sample was cleaned with 250 µl of the peroxide cleaning solution for 20 min at 65°C. Each sample was then rinsed 4 times with ultrapure H 2 O, heat-rinsed with ultrapure H 2 O for 20 min at 65°C, and then rinsed again with ultrapure H 2 O. The protoconch samples from Tajiguas were lost during the cleaning steps. Samples were transferred into acidleached polyethylene vials and completely dissolved in 400 µl 0.1 N nitric acid solution containing enriched 135 Ba,
111
Cd and 235 U and internal standards for quantification purposes. I assayed for a suite of 10 elements: Calcium (Ca), magnesium (Mg), strontium (Sr), barium (Ba), lead (Pb), manganese (Mn), cerium (Ce), cadmium (Cd), uranium (U), and zinc (Zn). These elements were chosen because they reliably yielded detectable concentrations in the calcified samples. Samples were blocked by site to minimize the effects of instrument drift on the results, such that 1 sample from each site comprised a block within which samples were randomized. Samples were introduced into a Finnigan Element 2-sector field inductively-coupled plasma mass spectrometer (ICP-MS) using a micro-flow nebulizer at 20 µl min -1 . Sensitivity measured 10 6 counts s -1 for 1 ppb indium. Detection limits were calculated for each isotope by calculating the standard deviation (SD) of the intensities of representative isotopes present in 1% nitric acid (HNO 3 ) instrument blanks, and then multiplying the SD by 3 and adding the value to the mean (following Swearer et al. 2003) . The resultant value was used as the minimum detectable signal. Intensities of blank-subtracted samples averaged >1000 times the detection limit for Mg and Sr, >150 times for Ba, Pb and Zn, and > 25 times the detection limit for Mn, Ce, Cd and U. All metal concentrations were standardized to Ca.
To test for the extent of spatial variability in protoconch elemental composition, I used samples collected during 2001 and compared protoconch element: Ca ratios among regions and among sites within regions using nested MANOVA (JMP 5.1). I determined whether linear discriminant-function analysis (DFA, S-PLUS 2000 and JMP [SAS] 5.1) could accurately predict each sample's region of formation and site of formation by using a serial-deletion crossvalidation technique. A posteriori contrast comparisons indicated which regions and which sites within regions differed significantly.
For samples spanning multiple years from Diablo, Monterey and Ellwood, MANOVA analyses indicated whether protoconch element:Ca ratios were significantly different among years. I again determined whether DFA could accurately predict each sample's year of formation. A posteriori contrast comparisons indicated which years differed significantly at each site. Before running the MANOVA and DFA, differences in sample weight among years were controlled for by extracting residuals for each element and then using the residuals in the statistical tests.
To isolate larval statoliths from the egg capsules, the same protocols used to isolate protoconchs were employed. Once in the peroxide cleaning solution, statoliths fell to the bottom of the glass beaker. After vigorously swirling the beaker to concentrate the statoliths in the center, they were collected with a pipette and deposited into a glass beaker containing 15 to 20 ml ultrapure H 2 O to rinse off the cleaning solution. This rinse step was repeated. Statoliths were then pipetted onto an ultrapure, H 2 O-rinsed 20 × 20 mm plastic slide. Excess water on the slide was evaporated in a Class 100 laminar flow hood. Statoliths were mounted on double-sided tape (Scotch™) for laser-ablation ICP-MS analysis. The laser attachment to the ICP-MS is a VG™ UV Microprobe Nd:YAG laser that is frequencyquadrupled to 266 nm with a crater diameter of 20 µm. Each statolith was completely consumed in ablation. Since some adhesive tape was also ablated with each sample, extensive testing of the tape was completed to quantify the introduction of contaminants to sample analyses. For most elements analyzed, counts from ablations of the adhesive tape yielded values below detection limits. The exception was Mg, where the average of the tape value was detectable, but < 5% of the sample value. In this system, the carrier gas line was directly connected from the laser sample cell to the nebulizer system of the ICP-MS. When samples were being ablated by the laser and transferred to the spray chamber, the nebulizer was aspirating a 1% HNO 3 solution. Similarly, when standard solutions in a 1% HNO 3 matrix and 1% HNO 3 instrument blanks were aspirated through the nebulizer, the carrier gas flowed from the sample cell. In this manner, the plasma conditions were kept constant during analysis of standards, instrument blanks and samples. The metal:Ca ratio was determined using matrix-matched, solutionbased standards of known metal:Ca ratio and applying a mass bias correction (Rosenthal et al. 1999) . I used National Institute of Standards and Technology (NIST-612) glass standards as reference materials from which I could estimate the precision of the laser-ablation method. Elemental concentrations were quantified using a matrix-matched standard solution instead of the NIST standard, since the NIST glass lacks the aragonite-dominated matrix of statoliths (see Zacherl et al. 2003c for discussion of the strengths and weaknesses associated with this analytical approach); 10 individual larval statoliths per brood were analyzed. The element menu for statolith analyses comprised Ca, Mg, Sr, Ba, Pb, Mn, Ce, and Zn. Uranium and Cd values were below detection limits in statoliths, and so were dropped from the element list. Ca, Sr, Ba, Zn and Pb isotopes were collected in low-resolution mode, and Ca, Mg and Mn in medium resolution mode to avoid isobaric interferences. The abundance of each trace element is expressed as a ratio relative to the amount of Ca, to control for differences in the amount of material analyzed per sample. Detection limits were determined for each element by the same method as for the protoconchs. I then compared blank-subtracted intensities of samples to the detection limit to ensure that sample intensities represented real sample signals.
Intensities of blank-subtracted samples averaged >100 times the detection limit for Ca, Zn and Mg, > 50 times for Ba and Sr, >10 times for Mn and > 3 times the detection limit for Ce and Pb.
To test for the extent of spatial variability in statolith elemental composition, 2001 samples were used to compare statolith element:Ca ratios among regions and among sites within regions using nested MANOVA (statoliths nested within broods within sites within regions). I determined whether DFA could accurately predict each sample's region and site of formation by using a serial-deletion cross-validation technique. To test for temporal variability among years within a site, larval statolith element:Ca ratios were compared among the years 1999 to 2001 at Monterey and at Ellwood using a nested MANOVA (statoliths nested within broods within years). To correct for heteroscedasticity in variances, all statistical tests used log-normalized data. A posteriori contrast comparisons indicated which regions, which sites within regions, and which years within sites differed significantly. I determined whether DFA could accurately predict each sample's year of formation by using a serialdeletion cross-validation technique.
Temperature effects on element incorporation. Based upon laboratory culture studies examining Ba and Sr uptake in protoconchs and statoliths, Zacherl et al. (2003c) predicted that larvae developing in cold-water regions should have elevated Ba and decreased Sr in their protoconchs and elevated Ba and Sr in their statoliths, compared to larvae developing in warmerwater regions. Further, based upon a survey of culture studies with Foraminifera (Nürnberg et al. 1996 , Rosenthal et al. 1997 and preliminary culture studies with Kelletia kelletii larvae (D. C. Zacherl unpubl.), I made an a priori prediction that Mg would be incorporated into statoliths and protoconchs as a strong positive function of temperature. These predictions were based upon an assumption that other factors affecting metal incorporation into calcified structures do not override the effect of temperature. Least-squares regression (Jmp [SAS) 5.1] of the average subtidal temperature data per site against the average metal:Ca ratio per site (Table 1 ) was used to test these predictions.
RESULTS

Protoconchs
Trace element concentrations in near-hatch Kelletia kelletii larval protoconchs differed significantly among regions (nested MANOVA, p < 0.0001, Table 2 ) and among sites within regions (p < 0.0001). A posteriori contrast tests demonstrated significant differences in the elemental composition of protoconchs from the region at Point Conception and north versus the coastal region south of Point Conception versus the site at the Channel Islands (p < 0.0001 for all pair-wise comparisons). From linear discriminant-function analysis (DFA), the canonical variate plot indicated that samples clustered in canonical space according to their regional origin ( Fig. 2A) . Samples from the Channel Islands separated out on Canonical Factor 1, while the other regions were separated on Canonical Factor 2. The magnitude of the vectors of the standardized discriminant functions (Fig. 2B ) indicated that the Ce:Ca, Ba:Ca, Mg:Ca and Sr:Ca ratios played important roles in discriminating samples among regions. Protoconchs formed in the cold-upwelling region at Point Conception and north (see Fig. 1 and Table 1 for temperature profiles) were characterized by elevated Ba:Ca and depressed Mg:Ca, Sr:Ca and Mn:Ca ratios compared with the warmer-water southern regions (Fig. 3) . Protoconchs developing at the island site showed the lowest Pb:Ca and Ce:Ca and the highest Mg:Ca and Sr:Ca ratios.
Finally, DFA was applied to determine whether a sample's elemental composition could correctly predict its region and site of formation. Using a serial-deletion cross-validation technique, DFA classified 89% of all samples (Table 3) correctly into their region of formation. To summarize, it was possible to distinguish among regions based on protoconch chemistry with only 11% error. To assess the spatial extent of variability in protoconch elemental composition at finer scales, I also compared sites within regions using a posteriori contrast tests. With 1 exception (Diablo versus Coho), these between-site comparisons showed significant differences ( Table 2 ). The predictive capacity of the DFA performed substantially better than would be predicted by random guessing (16.7%), with 65% of all samples correctly assigned to their site of formation (Table 3) . While the percentage of correct assignments did diminish compared to regional assignments, the misclassified samples were most often assigned to a nearest neighbor. For example, while only 52.6% of samples from Isla Vista were correctly classified to their site of formation, 31.6% were incorrectly classified to Isla Vista's nearest neighbor, Ellwood. In addition, classification success was quite high for some sites, i.e. Monterey (80.7%), Yellowbanks (100%), and Ellwood (83.3%).
Trace element concentrations in near-hatch Kelletia kelletii larval protoconchs also differed significantly among years at all 3 sites tested, i.e. Ellwood (Table 4 ). The magnitude of the vectors of the standardized discriminant functions (Fig. 4C) indicated that the Pb:Ca, Ba:Ca, Ce:Ca and U:Ca ratios played important roles in discriminating Ellwood samples among years. Residual analyses of the elemental compositions of protoconchs showed that elevated Ba:Ca and U:Ca and lower Mg:Ca and Pb:Ca ratios distinguished 2000 from the other years (Fig. 5A) . The crossvalidation accuracy, however, averaged 64% ( Table 4 ). Residuals from the Cd:Ca, Ba:Ca and Ce:Ca ratios contributed to generating the significant difference (Fig. 5B) . Similarly, in Monterey, protoconch samples collected in 2001 differed significantly from those in the previous 2 yr (p < 0.0001 for both pair-wise comparisons: Table 4 (Fig. 5C ). Overall, DFA correctly classified 64% of Ellwood samples, 81% of Diablo samples, and 78% of Monterey samples to their correct year of formation. These results demonstrate that protoconch elemental tags formed within a site can vary significantly in their chemical composition among years.
Statoliths
Trace element concentrations in near-hatch Kelletia kelletii larval statoliths differed significantly among regions (nested MANOVA, p < 0.0001, Table 6 ), among sites within regions (p < 0.0001), and among broods within sites (p < 0.0001). A posteriori contrast tests demonstrated highly significant differences in the elemental composition of statoliths from the region at Point Conception and north, versus the coastal region south of Point Conception, versus the site at the Channel Islands (p < 0.0001 for all pair-wise comparisons).
Using DFA, I generated a canonical variate plot using all statolith samples. The statolith DFA indicated that samples from all 3 regions occupied different but overlapping locations in canonical space (Fig. 6A) . The magnitudes of the vectors of the standardized discriminant functions (Fig. 6B) reflect the important roles played by Mn:Ca, Ce:Ca, Pb:Ca and Zn:Ca ratios in discriminating statolith samples among regions. As with the protoconchs, statoliths formed in the coldupwelling region at Point Conception and north contained higher Ba:Ca and lower Mg:Ca and Mn:Ca ratios than the warmer-water southern regions (Fig. 7) . The island site again showed the lowest Pb:Ca and Ce:Ca and the highest Mg:Ca ratios. The Sr:Ca pattern in the statoliths, highest in the north and lowest at the islands, was exactly opposite that in the protoconchs (cf. Figs. 3B & 7B) .
Finally, DFA determined whether a statolith's elemental composition could be used to correctly predict its region and site of formation. A serial-deletion crossvalidation, DFA classified 80% of all statolith samples correctly into their region of formation (Table 7) . To summarize, DFA was able to distinguish among regions based on statolith chemistry.
To better assess the spatial extent of variability in statolith elemental composition, I also compared sites within regions using a posteriori contrast tests. All between-site comparisons showed significant differences (p < 0.0001, Table 6 ). Again, the predictive capacity of the DFA was diminished surprisingly little (as with the protoconchs), with 70.2% of all samples correctly assigned to their site of formation (Table 7) . While the percentage of correct assignments did diminish, compared to regional assignments, the misclassified samples were most often assigned to other sites within the region. In addition, classification success was again high for some sites, i.e. Monterey (84.8%), and Yellowbanks (79.4%).
Within sites, trace element concentrations in nearhatch Kelletia kelletii larval statoliths differed significantly among broods (nested MANOVA, p < 0.0001, Table 6 ).
Trace element concentrations in near-hatch Kelletia kelletii larval statoliths also differed significantly among years at 2 sites tested, Ellwood and Monterey (Figs. 8 & 9 and Table 8 ), with among-brood differences also present (nested MANOVA, p < 0.0001 at both sites). At Ellwood, a posteriori pair-wise comparisons showed that the elemental composition of statoliths differed significantly for all years. The magnitude of the vectors of the standardized discriminant functions ( ples differed significantly among all years (p < 0.0001 for all pair-wise comparisons; Table 9 , Fig. 8B,D) , and cross-validation accuracy was 83.1% (Table 9 ). The magnitude of the vectors of the standardized discriminant functions (Fig. 8D) (Fig. 9H-N) relative to other years. As with the protoconchs, elemental tags of statoliths formed within a site can vary significantly in their chemical composition among years.
Temperature effects
Results from linear least-squares regression indicate a statistically significant positive relationship between average per-site temperature and Mg incorporation into protoconchs (y = 0.07x + 0.24, r 2 = 0.99, p = 0.0005), but there was no relationship between temperature and the statolith Mg:Ca ratios (r 2 = 0.15, p = 0.522, Fig. 10A ,B). For Sr, there was again a positive relationship between protoconch Sr:Ca ratios (y = 0.11 + 0.79, r 2 = 0.90, p = 0.014, Fig. 10C ) and temperature, but an inverse effect of temperature on statolith Sr:Ca ratios (y = -0.24x + 13.07, r 2 = 0.77, p = 0.050, Fig. 10D ). Finally, there was a statistically significant inverse relationship between per-site average temperature and Ba:Ca ratios in both protoconchs (y = -0.28 + 6.20, r 2 = 0.87, p = 0.021, Fig. 10E ) and statoliths (y = -0.27 + 9.21, r 2 = 0.90, p = 0.013, Fig. 10F ).
DISCUSSION
Previous work using elemental tags in fish otoliths opened a window on dispersal patterns of fishes (Campana 1999 , Swearer et al. 1999 , Thorrold et al. 2001 . The results from this study suggest that there is also enough spatial variation in pre-release statolith and protoconch elemental compositions to provide regional and perhaps site-specific 'natal tags' in Kelletia kelletii larvae recruiting to populations in coastal environments. As with fish otoliths, natal tags in invertebrate larvae can be used to address questions about the dispersal patterns of marine invertebrates by assaying the larval shells or statoliths of new recruits.
Variation among regions and sites
What mechanisms generated the regional and sitespecific natal tags in Kelletia kelletii larvae? Differing elemental compositions in protoconchs and statoliths could reflect a variety of potential mechanisms, includ- (±1 SE) values of elements used in DFA to characterize natal signals in statoliths of encapsulated larvae for 3 yr (1999, 2000 and 2001) at Ellwood (A to G) and Monterey (H to N). Elements expressed as ratios to Ca ing variation in elemental concentrations in seawater, seawater temperature, salinity, and variable precipitation rate (see Campana 1999 for review). In the absence of complete temporal and spatial physical-chemical sampling of water masses at each collection site, it is difficult to identify the exact mechanisms controlling the incorporation rates of each element measured. However, the regression analysis of subtidal temperature profiles (Table 1 , Fig. 10 ) versus average per-site Ba:Ca, Mg:Ca and Sr:Ca ratios provides a starting point to compare whether the observed patterns of element incorporation into larval hard parts are consistent with known physical features of the environment. For example, in both statolith and protoconch of larval K. kelletii, Ba:Ca ratio was most elevated in the northern region and lowest at the island site (Figs. 3 & 7) . This pattern is consistent with current knowledge about factors influencing Ba incorporation into biogenic aragonite and with known spatial patterns of oceanography in the region. First, Zacherl et al. (2003c) demonstrated that Ba is incorporated into aragonite statoliths and protoconchs of larval K. kelletii as a positive function of Ba seawater concentration and as an inverse function of temperature. That study represented the first conclusive demonstration of a temperature effect on Ba incorporation into an aragonitic structure. When average per-site temperature was regressed against average per-site protoconch and statolith Ba:Ca (Table 1 , Fig. 10E,F) , the strength of the inverse relationship between temperature and Ba incorporation was apparent. Second, Bath et al. (2000) demonstrated that Ba is incorporated into aragonitic fish otoliths in proportion to Ba seawater concentration. Elevated Ba in both mollusc shells (Stecher et al. 1996) and coral aragonite skeletons (Lea et al. 1989 ) also has been associated with periods of intense nutrient flux and upwelling, respectively. Ba in seawater follows a nutrient-like distribution; its main sources are river runoff and upwelling of Ba-rich deep water (Chan et al. 1977) . Since the northern portion of the sampling region is most influenced by upwelling of cold seawater (Fig. 1, Table 1 ), the expectation is that Ba would be enriched in seawater, and hence in aragonite structures formed in this region. Whether temperature acts as the casual factor determining Ba incorporation into developing calcified structures in K. kelletii larvae or rather tightly co-varies with Ba concentration in seawater remains to be determined. Either way, it appears that relative temperature is a good qualitative predictor of relative Ba incorporation into both protoconchs and statoliths. The observed pattern of the Sr:Ca ratio in Kelletia kelletii larval hard parts is more complex, but is consistent with laboratory culture experiments. Sr is generally considered conservative in seawater (but see de Villiers 1999), meaning that the Sr:Ca ratio in seawater remains constant relative to salinity. Although all the other elements showed consistent patterns of incorporation in statoliths and shells, Sr showed opposing patterns in the 2 aragonitic materials. The Sr:Ca ratio was elevated in northern statoliths compared to southern statoliths, but diminished in northern protoconchs relative to southern samples (Figs. 3 & 7) . This was true both at the regional scale and when average per-site temperature was regressed against average per-site Sr:Ca; Sr showed a negative correlation with temperature in statoliths, but co-varied positively with temperature in protoconchs (Fig. 10C,D) . Other studies on Sr:Ca incorporation rates as a function of temperature have been equally contradictory. Correlative field studies and empirical laboratory studies have reported positive (Bath et al. 2000) , negative (Smith et al. 1979 , Secor et al. 1995 , Shen et al. 1996 , nonlinear (Kalish 1989 , Elsdon & Gillanders 2002 , contradictory (Stecher et al. 1996) and nonexistent (Gallahar & Kingsford 1996) relationships between temperature and the Sr:Ca ratio in aragonite coral, shell and otolith. While inexplicable, the observed pattern of Sr incorporation into larval statoliths and protoconchs in this study is consistent with previous findings; in controlled larval K. kelletii culture studies, Zacherl (2003c) found the same appar- ently contradictory pattern as that observed in the field. Strontium incorporation into statoliths was an inverse function of temperature, while incorporation into protoconchs was a positive function of temperature.
Like Sr, Mg has a generally conservative distribution in the world's oceans. However, Mg is incorporated into calcite foraminiferan tests (Nürnberg et al. 1996 , Rosenthal et al. 1997 ) as a strong positive function of temperature. I also observed this positive temperature effect on Mg incorporation into protoconchs and statoliths in larval culture studies using several mollusk species including K. kelletii (D. C. Zacherl unpubl.). The Mg:Ca pattern observed in field-collected K. kelletii larvae at the regional scale is consistent with this temperature-sensitive relationship; the Mg:Ca ratio was highest in the island samples where seawater temperature was warmest, and lowest in the samples from the colder northern region (Figs. 3 & 7) . However, when temperature is regressed against Mg:Ca at the site scale, the relationship breaks down for statoliths, although it remains tightly positively correlated for protoconchs (Fig. 10A,B) .
Relatively less is known about factors influencing incorporation rates of Ce, Mn, and Pb, although the Mn:Ca ratio in coral aragonite is inversely related to upwelling intensity (Shen et al. 1991 , Delaney et al. 1993 , consistent with the occurrence of the lowest Mn:Ca ratio in the northern upwelling region. Lead (Pb) shows a scavenged profile in the world's oceans: it is enriched in surface waters, and depleted with increasing depth. Of all the elements measured, it is most associated with industrial pollution, both from point-source runoff and from atmospheric deposition. Richardson et al. (2001) measured elevated Pb concentrations in mussel shells near known point-sources of Pb pollution. In K. kelletii larval hard parts, Pb:Ca was higher in the coastal regions than at the more isolated island site, which was less likely to be influenced by coastal runoff of Pb. Confirmation of these qualitative patterns will require profiles of metal concentrations in seawater, and extends beyond the scope of this study.
It is perhaps important that the pathways for elements from seawater into statolith and protoconch are entirely different, with these elements crossing multiple and dissimilar biological membranes where elemental discrimination could take place. Thus, there is no a priori reason to expect statolith and protoconch to incorporate elements governed by the same mechanisms. This might partly explain why Sr could show opposite incorporation trends, and why Mg could be decoupled from temperature effects for statoliths but not for the protoconch. In the absence of additional knowledge about element concentrations in seawater, salinity and other factors influencing element incorporation, the explanations for discrepant data in this study remain speculative. The contradictory patterns uncovered in this study further demonstrate the need for a much more complete temporal and spatial physical-chemical sampling of water masses relative to field-collected calcified structures. Finally, these discrepancies also point to the fact that when examining patterns of spatial variability, one cannot assume that one biogenic carbonate can serve as proxy for another without first completing the appropriate validation studies.
It is important to stress that it is not necessary to fully understand the mechanisms generating differences among regions to utilize this tool as a natal tag of origin; 2 conditions are necessary: (1) there must be predictable spatial variation in elemental composition of the target natal tag, and (2) the spatial variation must be sufficient to answer the question of interest. In the case of Kelletia kelletii, larval protoconchs and statoliths formed north of Point Conception were chemically distinguishable from those formed south of Point Conception. This suggests that natal tags contained within these aragonite structures could distinguish larvae produced in different regions and, hence, identify source-regions for settling larvae or new recruits. However, while the results discussed above represent a solid 'proof of concept' that statolith and protoconch chemistries vary on a regional scale, it will be necessary to more fully sample the entire range of this species to ensure the integrity of the regional tags as well as to explore the possibilities for using natural tags to trace dispersal trajectories over smaller spatial scales. In particular, the region including mainland sites south of Point Conception was only sampled within the Santa Barbara Channel, while the range of this species extends approximately 900 km further south into central Baja California, Mexico. Further, the Channel Islands 'region' is characterized by 1 site in this study. This '1 site' region is a side-effect of the extremely low reproductive output at the Channel Islands sites relative to the mainland sites, where 3 of 4 Channel Islands sites (see 'Materials and methods' and Fig. 1 ) yielded no egg-laying activity compared to all mainland sites yielding reproductive activity. Such evidence suggests that the Channel Islands sites are not an important source of larvae, but makes it difficult to characterize the Channel Islands chemical fingerprint.
In this study, the predictive capacity of the DFA was reasonably high even at the level of sites. It was especially promising that, in the case of protoconchs, the misclassified samples were most often assigned to a nearest neighbor. It is not clear why this pattern did not also hold for statoliths. These data suggest that natural tags may be effective tags of natal source even at spatial scales as small as 10 km (the distance between the population at Ellwood and its nearest northern and southern neighbors, Isla Vista and Tajiguas). However, despite the reasonably high accuracy of assignment to site in these preliminary studies, the conclusion that natural tags can be used to define dispersal at finer spatial scales than regional is premature. In order to use natural tags to examine movements with fine resolution, it is critical to characterize a much higher fraction of potential source populations or to understand the physical mechanisms generating among-site differences well enough to predict the chemistry of calcified structures from unsampled populations. Despite these caveats, the data from this study provide provocative evidence that the hard parts of open-coast invertebrate larvae can contain naturally produced tags of natal source.
Variation among broods
Although the mechanisms generating among-region differences are consistent with known oceanographic conditions, the mechanisms generating significant variation among broods within sites remain unknown. Conceivably, small-scale variation in seawater characteristics could be large enough to generate within-site differences in broods, although broods from a particular site were generally collected within 100 m distance of each other. Alternatively, female nutritional status (e.g. as a result of differences in yolk contribution) or genetic effects could significantly influence statolith and protoconch chemistry. Clearly, more studies are required to differentiate the mechanisms generating among-brood variation.
Variation among years
This study found significant temporal variability in the chemical composition of larval hard parts within sites among years (Figs. 4 & 8, Tables 4 & 8) . This temporal variation suggests that the most conservative approach for characterizing sites of larval origin would require annual surveys of the spatial pattern of hardpart chemistry in pre-release larvae. In this way, natal tags isolated from subsequently recruited individuals could be matched directly to samples from pre-release larvae of the same cohort. This conservative approach might be necessary, but is clearly not ideal, as the costs associated with massive annual sampling of prerelease larvae from all possible source-regions could quickly become prohibitive. However, if variation among regions is sufficiently large enough to consistently overcome within-site temporal variation, it might be possible to generate a useful multi-year predictive model using just a single year's larval samples. As a preliminary test of whether a linear discriminantfunction analysis (DFA) generated using only a single year's samples might serve as a useful predictive model for other years, I characterized 1999 and 2000 samples from Ellwood and Monterey using the statolith and protoconch DFA analyses built using just 2001 data. Despite significant variation among years, the DFA generated using only 2001 data predicted the region of origin correctly for 100% of statolith and protoconch samples from Monterey (Table 10 ) and ≥ 65% of protoconch and statolith samples from Ellwood. The overall accuracy for both DFA models was > 82%. In the southern region, clearly the most accurate DFA would be built using pre-release larvae from the same cohort as the recruits in question. However, in the case of the northern region, despite significant among-year variation in the chemical composition of statoliths and protoconchs, spatial variation is sufficiently large to overcome errors from interannual differences. This suggests that it may be possible to generate a reasonably accurate predictive model using a single year's collection of pre-release larvae. Nonetheless, the most robust, conservative and recommended approach would build a predictive model based upon a 'library of elemental fingerprints' collected over several years (Gillanders 2002) .
This study did not examine intra-annual variation in statolith and protoconch composition. Gillanders (2002) reviewed a series of papers that examined such variation, and concluded that in regions where there is little variation in rainfall and other freshwater inputs, temporal variation is likely to be minimal, but cannot be discounted without empirical testing. Given that 160 across the entire range of Kelletia kelletii, spawning occurs only over a short window of time (summer) during which freshwater inputs are effectively nonexistent along the entire range of this species, intra-annual variation in hard-part composition is probably not of concern. However, this possibility cannot be discounted without further studies specifically targeting variation within a site and within a spawning period.
Identifying sources of post-settlement individuals
An interesting development in this species' recent past illustrates the critical importance for understanding its dispersal history. In the past few decades, Kelletia kelletii has extended its range (Herrlinger 1981) from its historic northern limit at Point Conception to its present limit in Monterey Bay. This 325 km northward expansion (Fig. 1 ) occurred during a period of both seawater warming (Barry et al. 1995) and substantial variation in ocean circulation in response to several large El Niño events. In addition to being a headland where major ocean currents collide, Point Conception is also a major biogeographic boundary and coincident range limit for many marine taxa (Newman 1979, Morris et al. 1980 , Doyle 1985 .
What change enabled the range extension of Kelletia kelletii and what factors affect persistence of those recently established northern populations? The populations north of Point Conception exhibit sporadic recruitment pulses (Zacherl et al. 2003a ) that may be due to limits on northward dispersal of larvae (Haury et al. 1986 ) by prevailing current conditions during their reproductive season (Harms & Winant 1998) . Are northern populations reliant upon larvae from sources south of Point Conception for their persistence? A tool that could identify the source of K. kelletii recruits would be able to test this hypothesis directly by identifying the regional source of production of recruiting larvae. Since calcified structures formed in developing larvae north of Point Conception are chemically distinguishable from those produced to the south, the extent of spatial variation in chemistry appears to be sufficient to use this tracer tool to identify regional sources of incoming K. kelletii recruits.
Use of this new tool relies upon the ability to analyze the natal tag in post-settlement individuals using techniques similar to those developed for otolith analyses. Settlers are collected, their statoliths are then removed and/or protoconchs are isolated. The natal portions of these hard parts can then be ablated using an ablation system with a nominal beam-width whose resolution is smaller than the diameter of the natal core (e.g. 5 µm beam width, see Thorrold & Shuttleworth 2000) . The resultant elemental signal could elucidate sourceregion information. In this study, protoconchs were pooled and analyzed via solution-based methods to enhance detection of trace elements. In order to use protoconchs as natal tags, it would be necessary to analyze single protoconchs. Methods to analyze single protoconchs via laser-based techniques are now established (Becker et al. 2005) , greatly increasing the feasibility for using protoconchs as natal tags. The remaining challenge is to assign post-settlement individuals to the correct recruitment cohort through aging studies. This requires the demonstration that statoliths, like otoliths, function as time-keeping devices, enabling correct assignment to cohort.
The use of the elemental signals in larval statoliths and protoconchs as 'tags' of source could be an important tool for examining connectivity among marine populations. The existence of significant spatial variability in the elemental composition of Kelletia kelletii larval protoconchs and statoliths suggests that natal tags could distinguish larvae produced in different regions, and hence hold promise for identifying source-regions for settling larvae.
